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Introduction
Acinetobacter baumannii was recently indicated by the World Health Organization (WHO) as the number one priority pathogen for research and development of new antibiotics (http://www.who.int/medicines/publications/ global-priority-list-antibiotic-resistant-bacteria/en/). This human opportunistic pathogen has been gradually evolving towards clinical success since the 1970s, due to an increasing overall pathogenicity mostly related to a growing multidrug resistance.
Genomically, A. baumannii is characterized by a relatively small core genome and a large and diversified accessory genome (1) . This indicates gene acquisition and loss as important contributors to A. baumannii evolution and adaptation towards pathogenicity. For example, genes associated with antibiotic resistance have been found in both core and accessory genomes of A.
baumannii (1) . In the accessory genome, these genes were found often flanked by integrases, transposases, or insertion sequences, suggesting a possible acquisition by horizontal gene transfer (HGT) from other strains or bacterial species. HGT may thus be a major force in the evolution of A. baumannii pathogenicity.
Among mediators of HGT we find bacteriophages (phages), viruses of bacteria thought to be the most abundant biological entities on Earth (2). When infecting a bacterial host, phages may follow a lytic path in which they replicate inside the bacteria and cause cell lysis for progeny release, or a lysogenic cycle where they integrate into the host genome and replicate passively with the bacterial genome. Phages opting for the later are known as temperate phages, or prophages when integrated in the bacterial genome.
Prophages and their bacterial hosts have partly aligned evolutionary interests, since proliferation of the host results in increased prophage population (3). This is possibly the reason why some prophages provide the host bacterium beneficial traits such as protection from infection by other phages (superinfection exclusion) (4, 5), increased host fitness (6), and encoding of virulence factors (VF) exploited for bacterial pathogenesis (e.g. antibiotic tolerance (7) or toxins (8)).
Under certain stimuli, prophages can excise from the host genome, entering the lytic cycle with the release of phage progeny. During excision, a process of specialized transduction may occur, where parts of the bacterial genome adjacent to the prophage may be erroneously excised with the prophage genome and introduced with the virion into a new host (9). Temperate phages thus contribute to host evolution by a constant transfer of genes between host genomes (9, 10). Still, the bacterial host is mindful that prophages can activate their lytic cycle any time, and so prophage genes are under selection for rapid deletion from bacterial genomes. In fact, studies suggest that most prophages in bacterial genomes are to some extent defective (11, 12). Even so, defective prophages can lead to bacterial evolution, with a few bacterial molecular systems thought to derive from the process of prophage inactivation, e.g. gene transfer agents (13), bacteriocins, and type VI secretion systems (T6SS) (14, 15).
The number of prophages in bacterial genomes and their contribution to bacterial evolution differ among species. Here we aimed at evaluating the prevalence of prophages in A. baumannii genomes, and at understanding the contribution of these elements to the rapid evolution of pathogenicity in this bacterial pathogen.
Results

Prevalence of intact and defective prophages in A.
baumannii strains
We analyzed 954 genomes of A. baumannii of a total of 1,614 genomes deposited on GenBank at the date of March 2016. Prophages were identified using PHAST and manually curated. A total of 4,860 prophages were found, of which 1,085 were intact and 3,775 were defective. The significantly higher prevalence of defective prophages ( Fig. 1A ) was expected since intact prophages are usually under strong selection by bacteria for mutations causing prophage inactivation (3). Still, 71.0% of the A. baumannii strains contained intact prophages ( Fig. 1B ), suggesting a recent integration in the bacterial genome. (for statistical analysis refer to S1 Table) . 
Distribution of prophages by family and genome size
We have classed the 138 intact prophages in family taxa based on homology to known classed phages. Classification relied on genes considered the most indicative of family: major capsid protein, large terminase subunit, tail tape measure protein and tail sheath protein. Approximately 66% of the 
Prophages found integrated in A. baumannii mobile genetic elements
We analyzed a set of plasmids associated with the A. baumannii strains for the presence of prophages. Four of 74 plasmids were found to possibly harbor intact prophages (S2 Table) . Intactness of the prophages is suggested by the presence of proteins related to phage morphogenesis (capsid and tail elements), packaging (terminase), and host lysis (lysozyme), as well as a potential protein involved in phage-host interaction (putative host specificity protein J) (S3 Table and S1 Fig) . Curiously, the four plasmids and prophages are highly similar to each other (≥ 82.5% genome homology and ≥ 82.4% proteome homology, see maps in S1 Fig) and to a few other plasmids deposited in GenBank (S3 Table) . Some of the A. baumannii strains harboring these prophage-containing plasmids have distinct geographical origins (S3 Table) , indicating a possible global dissemination of these elements. In fact, since plasmids are much less specific than phages, prophages integrated in these mobile genetic elements may reach a higher diversity of bacteria, and perhaps cross bacterial species.
Whole genome and proteome comparison of intact prophages reveals remarkable diversity
To determine the relationship and diversity of A. baumannii prophages we performed whole genome and proteome dot plot analysis of their sequences.
Whole genome analysis revealed 23 small clusters of prophages with genome identity above 50%, indicating strong evolutionary relationships ( Fig. 4A ). Still, the majority of prophages (about 91% of the comparisons) have genome similarities below 20%, suggesting an enormous genomic diversity.
Interestingly, whole proteome analysis revealed an even higher diversity in the amino acid sequences, with about 98% of the comparisons giving a similarity below 10%, and only 9 very small clusters of highly similar prophages (50% identity, Fig. 4B ). 
Prophages encode a multitude of potential virulence factors
The establishment of stable and long relationships between prophages and the bacterial host has profound implications on both bacterial fitness and virulence (10, 20). Here we hypothesize the rapid spread of pathogenicity in A.
baumannii to be linked with prophages. We have searched for putative virulence genes encoded by the 138 intact prophages in study. For this purpose, we considered virulence genes as those that might influence bacterial capacity to colonize a niche in the host, evade or inhibit the host immune defense, resist antibiotics, and obtain nutrition from the host; additionally we identified some genes related to fitness. We found that 57% of the A. baumannii intact prophages encode putative virulence genes, with an average of 1.6 VF in their genomes (Fig. 7A ). By grouping the virulence genes in classes we were able to analyze those most prevalent, as shown in Fig. 7B . A complete list of VF (and fitness factors) identified per prophage can be found at S4 Table. The most prevalent putative VF found were membrane-associated factors (18.1%), e.g. outer membrane proteins/adhesins, lipoproteins, fimbrial usher protein, fimbrial biogenesis proteins, and surface antigens. These may interfere with bacterial motility, interaction with host cells and phages, and evasion of host immune defenses (21-23).
Importantly, antibiotic resistance genes were identified in the prophages and can be separated into efflux pumps (15.9%) and enzymes (7.3%). Bacterial efflux systems able to export antibiotics found in the prophages include the major facilitator superfamily (e.g. arabinose efflux permease), the ATP-binding cassette family, the drug/metabolite transporter superfamily, the resistancenodulation-division family, and the multidrug and toxic compound extrusion family. Additionally, an integral membrane protein TerC, thought to be implicated in the efflux of tellurium ions and thereby in resistance to this antimicrobial (24) was also found in a few prophages.
Resistance to antibiotics also occurs as a result of drug inactivation, drug modification, or target alteration by enzymes (25, 26). Here, the following enzymes were found: beta-lactamase OXA-23 which confers resistance to carbapenems (27); lipid A phosphoethanolamine transferase which provides resistance to cationic antimicrobial peptides (e.g. colistin) (28); acetyltransferase (isoleucine patch superfamily)-like protein which prevents chloramphenicol binding to ribosomes (29); and transcriptional regulators of TetR/AcrR family which regulate the expression of tetracycline efflux and modification proteins involved in antibiotic resistance (30).
Several factors were found that may be involved both in bacterial fitness and virulence. Transcriptional regulators were the most prevalent (12.3%), among which we highlight: LysR family transcription regulators, proposed to regulate a diverse set of genes including those involved in virulence, metabolism, quorum-sensing (QS) and motility (31); IcIR family transcriptional regulators that control genes involved in e.g. multidrug resistance and inactivation of QS signals (32); and bolA, a protein with an important role in the regulation of a network of genes related to biofilm development, flagellar biosynthesis(33), and to the general stress response (33, 34).
Transporters (8.0%) were found with several putative functions, including tolerance/resistance to toxic compounds (e.g. chromate transporter), siderophore export for iron acquisition (TonB-dependent receptor), response to hydroperoxide (vitamin B12 transport periplasmic protein btuE), and interaction with host cells (glutamine transport system permease) (35).
A few molecular chaperones (5.8%) were also identified, with functions mostly related to fimbriae biosynthesis and thus bacterial motility and adhesion to the host (e.g. fimbrial chaperone protein), or response to stress conditions by protecting newly synthesized or stress-denatured polypeptides from misfolding and aggregation (e.g. GroES, GroEL, DnaJ (36)).
A variety of other putative VF were also found, among which proteins involved in red blood cell degradation (e.g. hemolysin activator protein), manipulation of host functions (e.g. Ankyrin repeat protein), promotion of bacterial survival and persistence under stress conditions (e.g. universal stress protein, protein umuD), and targeting of host cells (e.g. RTX toxin).
Additionally, several metabolic enzymes were identified in A. baumannii prophages (90.6% prevalence); although not VF they might bring a fitness gain for the survival or proliferation of the host. Among these we highlight: enzymes involved in iron acquisition (e.g. porphyrin biosynthetic protein), which provide an advantage to bacteria in the battle for iron with eukaryotic hosts, especially in nutrient-limited niches (37); enzymes involved in the regulation of bacterial survival under conditions of nutritional (e.g. nucleotide pyrophosphohydrolases (38)) or oxidative stress (e.g. photolyase (39)); enzymes sensing and responding to environmental signals as those resulting from entering the host (e.g. serine/threonine phosphatase (40)); enzymes indirectly involved in antibiotic and xenobiotic resistance (e.g. and acetyltransferase family protein (41)), or in rhamnolipid production, i.e. glycolipids with biosurfactant properties involved in bacterial virulence (anthranilate phosphoribosyltransferase) (42).
Discussion
As vehicles for HGT, prophages have been linked to bacterial diversification (43) and evolution (20), and may have strong repercussions on bacterial fitness and virulence (9, 10). Only a few studies have characterized the prevalence of prophages in bacterial species and evaluated their role in virulence. Herein we report the analysis of prophage prevalence in A. baumannii, and discuss their possible contribute to the evolution of pathogenicity of this human nosocomial pathogen.
We found A. baumannii to harbor prophages in most 959 genomes analyzed. While the majority were defective, a high amount of intact prophages were still detected indicating their recent integration. Previous reports (17, 19,
44-46) have estimated lysogen (including intact and defective prophages)
prevalence lower than that reported here for A. baumannii (99.3%). Still, species as Streptococcus pyogens have been reported to have similar high levels of lysogens (90%) (19). It appears that some species are more prone to be lysogenized than others, although the variables associated to the process On an interesting note, we found that for a (not so) few prophages, different proteins (e.g. capsid and large terminase proteins) indicated a distinct family, 
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